Coral reef communities are in a state of change throughout their geographical range. Factors contributing to this change include bleaching (the loss of algal symbionts), storm damage, disease, and increasing abundance of macroalgae. An additional factor for Caribbean reefs is the aftereffects of the epizootic that reduced the abundance of the herbivorous sea urchin, Diadema antillarum. Although coral reef communities have undergone phase shifts, there are few studies that document the details of such transitions. We report the results of a 40-month study that documents changes in a Caribbean reef community affected by bleaching, hurricane damage, and an increasing abundance of macroalgae. The study site was in a relatively pristine area of the reef surrounding the island of San Salvador in the Bahamas. Ten transects were sampled every 3-9 months from November 1994 to February 1998. During this period, the corals experienced a massive bleaching event resulting in a significant decline in coral abundance. Algae, especially macroalgae, increased in abundance until they effectively dominated the substrate. The direct impact of Hurricane Lili in October 1996 did not alter the developing community structure and may have facilitated increasing algal abundance. The results of this study document the rapid transition of this reef community from one in which corals and algae were codominant to a community dominated by macroalgae. The relatively brief time period required for this transition illustrates the dynamic nature of reef communities.
I
t has become an accepted principle of ecology that communities may exist in alternative states that have varying degrees of stability (1, 2) . Much of the theoretical work on this subject carries with it the implication that the transition between one state and another may be rapid (2) . Factors responsible for causing these transitions may include the removal of a Keystone Species (3, 4) or a change in the frequency and intensity of some form of disturbance so that it no longer has the effect postulated under the Intermediate Disturbance hypothesis (5) . Empirical studies of shifts in community structure have emphasized either the effect of species removal (3, 4) or the combined effects of natural and anthropogenic disturbance (6) . However, it is rare that shifts in community structure are observed as they happen and documented quantitatively.
Coral reef ecosystems worldwide are undergoing changes in community structure because of a number of natural and anthropogenic processes. Overfishing and nutrient loading have altered interactions among macroalgae and their herbivores, leading to significant increases in macroalgal cover (7) (8) (9) . In the Caribbean, the 1983 epizootic that effectively removed from most areas the herbivorous urchin, Diadema antillarum (10) , and significantly altered the previous balance between macroalgae and a major echinoid herbivore (11) . The increased abundance of macroalgae negatively affects coral growth and recruitment, and this has long-term consequences on the physical structure of the reef (9, 12) .
Another factor affecting coral communities is the widespread, periodic bleaching of coral colonies (13) (14) (15) (16) . Bleaching involves the loss or reduction of the symbiotic zooxanthellae. Bleaching reduces the growth, calcification, and survival rates of the affected corals. Although many instances of bleaching are correlated with increased temperature (13, 15, 17) , the causes of bleaching appear to be complex (18) , and the phenomenon may be a syndrome associated with a variety of environmental effects (16) . In some instances, bleaching events may affect only isolated colonies; in other cases, mass bleaching events occur such that Ͼ25% of the colonies in a given area are affected (19) .
An abiotic element in the dynamics of coral reef communities is the effect of disturbance. The primary cause of physical disturbance for both Caribbean and Indo-Pacific reefs is the effect of severe storms (hurricanes and cyclones or typhoons, respectively). The hydrodynamic forces and scouring effects of suspended sediment associated with these storms can cause significant mortality among reef species. The effects of these storms, and subsequent recovery, vary with the morphology and life history patterns of the individual species (6, 20, 21) . However, the effects on overall community structure may occur with a frequency and intensity sufficient to represent an intermediate level of disturbance that contributes to the maintenance of species diversity within the community (5) .
There have been a number of reports indicating that coral reefs throughout the Caribbean are making the transition from communities dominated by a living coral substrate to areas with an extensive coverage of macroalgae (6, 22, 23) . Previous reports of phase shifts (24) in coral reef communities have effectively emphasized some combination of the factors discussed above, but few studies have had the opportunity to assess the interaction of these factors within a narrow time frame. Here we report the results of a 40-month study of a Caribbean reef community that was initiated more than a decade after the Diadema epizootic, and our observations include both a mass bleaching event and the direct impact of a hurricane. During this time, the reef community made the transition from a state where corals and algae were codominant to a community dominated by algae. The speed with which this transition occurred illustrates the dynamic nature of reef communities.
Study Area and Methods
The island of San Salvador (latitude 24 o 2Ј north, longitude 74
The reef community is geologically young and is situated on an isolated seamount (25) . The study site was established as part of the CARICOMP (Caribbean Coastal Marine Productivity) survey program. In accordance with CARICOMP protocols (26) , the specific location of the site was chosen to minimize anthropogenic effects. The resident human population of the island does not engage in significant commercial fishing. In addition, the site was not near any point sources of pollution and it was comparatively inaccessible by recreational scuba divers. The characteristics of the site, given the remote location of the island, may make it one of the most pristine reef communities in the western Caribbean.
Ten permanent transect locations were established 1.5 km offshore of the island (Fig. 1 ) by placing two stainless steel pins 10 m apart for each transect. The location of each transect was determined by using a random number generator to determine its end points within an artificial coordinate system that had been superimposed over a map of the area. The depth at which the transects were placed ranged from Ϸ15 to 18 m.
The conditions of the survey process did not focus on the identification of individual species. Instead, several major categories were established to assess space utilization (Table 1 ).
These categories were based on taxon (e.g., corals, algae, sponges), growth form (e.g., erect, encrusting), or physical features (e.g., sand, rubble). However, it is well established that sessile reef taxa (e.g., corals, algae) form natural functional groups based on growth form and that these groups show differences in susceptibility to storm damage, and, in the case of algae, susceptibility to damage by herbivores (27) (28) (29) .
The first step in the sampling process was the placement of a taught nylon line between the transect end points. This ensured proper alignment of the transect chain along the sampling substrate. Quantitative sampling was performed by carefully laying a brass chain over every object directly below the transect line. This method allowed the accurate assessment of each major category of organism or physical structure that could use space along the transect. In contrast to the quadrat method, which assesses space utilization in a two-dimensional manner through estimates of percent cover (e.g., ref. 30) , this method reflects the rugosity of the transect. An appreciation of the vertical structure of the community was necessary because most species will use any available substrate, regardless of its profile.
Space utilization by each category (Table 1) was measured by recording the number of chain links (1 link ϭ 1.42 cm) needed to cover each successive feature along the transect. A program of training dives assured inter-observer reliability and indicated that variability of chain placement and category identification was less than 5%. Furthermore, only two members of the survey team (G.K.O. and K.M.A.) collected Ͼ98% of the data in the course of the study.
Because sea urchins have been a significant factor in reef communities, a parallel effort was made to assess their population densities. This was accomplished by a systematic visual inspection of an area within 1 m to either side of the transect line. Particular care was taken to examine all crevices among and below the coral and substrate for smaller urchins. On average, 10-15 min was spent looking for urchins on each transect. The total number of urchins, identified to species, was scored for each transect. By using this method we were able to observe urchins as small as 2-3 cm in total diameter. Thus, it is likely that only a small number of urchins either Ͻ2 cm in total diameter or those far back in coral or substrate recesses would have escaped our detection.
Beginning in November 1994, the transects were surveyed an average of every 6.5 months (range 3-9 months between surveys) until February 1998. In some instances, surveys were conducted specifically after a critical event had been reported (e.g., bleaching, hurricane damage).
Results
An indication of the rugosity of the transects is that it required from 16.3 to 20.4 m of chain to cover the features along each 10-m transect. Space utilization by each recognized category was converted to a proportion of the total chain length used, which quantifies the relative contribution of the categories to the overall structure of each transect.
Although the general trends in community structure are clear (Fig. 2) , the proportional data for major functional groups (e.g., all corals combined, macroalgae, encrusting algae) were sub- jected to an arcsine transformation and analyzed by using a repeated measures ANOVA. The CARICOMP sampling protocol and its statistical analysis have been critiqued (31). Our results, based on 10 transects and 7 sampling dates, offer sufficient power to assess major changes in community structure, while minimizing the probability of misinterpreting random variability among transects and sampling dates. The survey program was initiated in November of 1994, a few months before the widespread bleaching event reported in January 1995. Subsequent surveys showed a significant (F 6,54 ϭ 8.3436, P Ͻ 0.0001) decline in corals of all growth forms from an average of 13.6% of the transect length in November 1994, to a low of 5.2% in May 1997 (Fig. 2) . Algal coverage, in contrast, increased significantly (F 6,54 ϭ 19.9829, P Ͻ 0.0001) from an average of 17.5% at the beginning of the program to as much as 45% in November 1995. The impact of Hurricane Lili in October 1996 was short lived, as algal coverage declined from 40.1% in June 1996 to 26.4% in November 1996, but had rebounded to 43.5% in May 1997 (Fig. 2) . Sea urchins were rare within the boundaries of the survey. The only two species seen were D. antillarum and Echinodermata lucunter. The total number of urchins, combined for all 10 transects, never exceeded 30 (in February 1998), which represents an average of 3͞transect, or Ͻ1 urchin͞5 m 3 of substrate. The effects of Hurricane Lili are summarized in Fig. 3 . The transect categories were arranged in three groups for purposes of this analysis. The scouring effect of the storm are shown by the increase in unoccupied portions of the transect (Substrate in Fig.  3 ) compared with the amount of unoccupied space (boulders, gaps, rock, rubble, and sand, combined) in June 1996 (49.3 vs. 64.1%). The amount of unoccupied space is not significantly different (t 9 ϭ 1.1727; P Ͼ 0.05) from that in November of 1995 (61.5%), which indicates that there may also be a seasonal effect.
The growth forms of the taxa affected their susceptibility to storm damage. Macroalgae and sponges with an erect form (Erect Forms in Fig. 3 ) are combined because of their higher profile above the substrate. The macroalgae, despite their flexibility, were removed by wave surge and scouring, declining from a mean of 14.5% of the transect length in June 1996 to 5.1% in November of the same year. The macroalgae regenerated or recruited quickly and made the greatest contribution to algal recovery after the hurricane with macroalgal coverage reaching a mean of 34.1%. Their rapid recovery shows the opportunistic nature of these species. The hurricane may have had a beneficial effect by opening additional space for colonization, and deep mixing of the water column may have increased nutrient levels. The sponges with an erect growth form showed major losses from the storm (from 1.1% in June to 0.15% in November), and some of the larger individuals may have been decades old.
Species with a lower morphological profile included calcareous algae, encrusting algae, encrusting corals, encrusting sponges, and turf algae (Encrusting Forms in Fig. 3 ). This group was also reduced by the storm (from 35.8 to 26.1%, respectively), but their coverage was still significantly greater (t 9 ϭ 3.975, P Ͻ 0.001) than it had been in November 1995 (17.6%).
Finally, it should be noted that the corals, which had been significantly reduced by the bleaching event, were relatively unaffected by the storm (Fig. 2) . However, they showed no signs of opportunistic growth and recruitment.
Discussion
Reef communities have a long evolutionary history, with the systems dominated by scleractinian, hermatypic corals being the most recent version (32) . Although modern coral reefs cover at most only 0.2% of ocean area [or less (33) ], they represent highly productive communities in otherwise low productivity tropical and subtropical areas, and the deposition of CaCO 3 by reef species is a significant component of the global carbon cycle. As a result, the long-term stability of coral reef communities is a matter of considerable importance.
The coral reef community of San Salvador, by 1994, had apparently reached some balance between corals and macroalgae following the Diadema epizootic 12 years earlier. Corals and algae were almost equally frequent when the study began. The bleaching event, however, marked the beginning of a rapid decline in coral abundance and a significant increase in macroalgal dominance. Hurricane Lili did not disturb the community in such a way that it reduced algal dominance, and offered the corals an opportunity to recolonize. Instead, the hurricane appears to have facilitated algal dominance. It is too early to determine whether this is a transient event, but the record of recovery (defined in terms of a return to coral dominance) among Atlantic coral reefs is not good (34) .
The long-term structure of any community is a function of the frequency and severity of disturbance, the life history patterns of the component species, and the direct and indirect effects of those species on each other. In the case of Caribbean coral reefs, the epizootic that reduced the importance of D. antillarum for the last 16 years has likely altered the relationship between corals and algae. Macroalgae can rapidly colonize a substrate as long as herbivores, nutrient limitation, and physical factors do not inhibit them. Corals, in turn, cannot successfully colonize a substrate dominated by algae. The removal of a major herbivore would obviously lead to a significant change in the interaction between corals and algae. There are isolated reports of cases where echinoid herbivores are reducing macroalgal cover (35, 36) , but herbivores do not appear to be a significant factor in San Salvador.
It has been hypothesized that corals may have a competitive advantage in oligotrophic, tropical oceans (9, 12) because of a combination of factors, including low nutrient levels and high herbivore pressure, which tend to restrict algal growth. This competitive advantage is lost quickly if any factor changes such that conditions become detrimental to corals and͞or beneficial for algae. The prevalent phenomenon of bleaching (15, 16) , which clearly affected San Salvador, increasing reports of coral diseases (37) , and the potential long-term decline in calcification rates because of increasing carbon dioxide levels (38) represent additional factors that may affect corals globally.
Storm damage is another factor that has shown to be of importance in coral reef community structure (20, 21) . It can have positive effects on species diversity within a component of the community (the Intermediate Disturbance model; refs. 2 and 5). The effect of Hurricane Lili on San Salvador appears to have been transient and may have actually benefited the macroalgae. Unfortunately, we do not have the data necessary to perform a comparative analysis of the degree of exposure to hurricane damage similar to that reported for terrestrial communities affected by Hurricane Lili (39) .
The Intermediate Disturbance hypothesis, which relates the frequency and intensity of disturbance to species diversity, had its major presentation (5) by using coral reefs as one of the supporting examples. The hypothesis, however, implicitly assumes that there is a comparatively equal chance for postdisturbance recovery, constrained only by the respective life history patterns of the affected species. The consequences when communities are affected by multiple disturbances (6, 40, 41) , which may not affect all species equally, are understandably harder to predict.
The study site at San Salvador was affected by the bleaching episode of 1995. The mass bleaching observed in the study area may have been part of a larger bleaching event that included the shallow water patch reefs of San Salvador (42) . The subsequent survey was conducted for a period and at a resolution (1 transect link ϭ 1.42 cm) sufficient to detect even small levels of coral recruitment and recovery. However, there were no indications of recruitment, and coral coverage remained at significantly lower levels than when the survey began. This is in sharp contrast to the high level of recovery reported for the patch reefs (42) .
Algal coverage within our study area increased significantly during the course of our study and recovered quickly following storm damage. The causes of such algal blooms are complex and may be caused by a combination of increased nutrient levels and decreased herbivory (43) (44) (45) . The relative importance of invertebrate and vertebrate herbivores can also vary with depth (46) . It should be noted, however, that we have no evidence of either a change in nutrient levels or herbivore activity over the course of our survey. The causes of the increase in algal cover remain unknown.
The reef community surveyed at San Salvador is as pristine as can be expected for a site in the contemporary Caribbean (8) . Despite the negligible anthropogenic effects on the study site, the corals have declined to a low level of abundance, whereas algae, particularly the macroalgae, have become the dominant taxa of the community. The increasing dominance of macroalgae in reef areas of the Caribbean has become a common observation (e.g., refs. 6, 22, and 23). Our data are sufficient to indicate that this is not a transient phenomenon and that Bahamian reef communities are undergoing a substantial change in structure. Furthermore, our results indicate that this transition can be rapid and can take place without detectable changes in herbivore activity or nutrient availability.
Several studies (30, 47) have demonstrated that a full understanding of reef community dynamics requires long-term monitoring. Long-term studies have documented transitions in reef community structure (6, 23) to a state where macroalgae are dominant, but the data are largely comparative over time scales measured in years and do not indicate the actual time scale of the transition. We have shown that transitions in reef community structure can be rapid and such changes may have long term consequences.
Coral reefs represent a dynamic balance among the processes of calcification, bioerosion, and physical dissolution. Although coralline algae and other calcifying species play a role, it is the corals, especially those with symbiotic zooxanthellae, which are largely responsible for reef structure (48) . As a result, any reduction in the coral component of the reef community is a threat to the physical structure of the entire reef ecosystem. Although we do not have estimates of calcification rates within the study area, it is obvious that they have been reduced significantly during the course of this study. If the prediction of a global reduction in calcification is accurate (38) , then the long-term future of this reef ecosystem is in doubt.
Our study has two implications for the continued monitoring of coral reef communities. First, transitions in coral reef community structure may occur rapidly over comparatively short periods of time. This means that long-term studies must be coupled with intensive observations over shorter time scales. Second, we need to recognize that the factors affecting reef community structure are extremely complex. There has been a tendency to identify either anthropogenic factors or major physical disturbances as the causes of community transitions. The fact that the pristine community of San Salvador changed so quickly, and for no obvious external reason, is likely due to the subtle interaction of a number of factors.
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